We modified existing acetylcholinesterase (AChE) histochemical techniques to visualize cholinergic neuronal somata and processes in the same rat brain. The AChE staining procedure of Karnovsky and Roots, combined with diisopropylfluorophosphate (DFP) pre-treatment, have previously allowed visualization of neuronal somata. Fibers have been visualized by nickel-diamkobenzidine (DAB)-hydrogen peroxide histochemical intensification. We combined novel modifcations of these techniques to visualize ell bodies and fibers simultaneously. M d staining of neuronal somata occurs with a 1:1 dilution of both the Karnovsky-Roots me-
Introduction
Histochemical visualization of acetylcholinesterase (AChE) has been used to study cholinergic neurons in the brain and in the spinal cord (for reviews see 5, 8) . However, the classical procedures of Koelle and Friedenwald (12) and Kamovsky and Roots (11) do not allow detailed visualization of AChE-positive structures but result in a diffuse cellular staining pattern, especially in regions containing neurons with a dense overlapping of cell processes (e.g., striatum, nucleus basalis).
Visualization of neuronal somata was improved by pre-treatment with the organophosphorus compound diisopropylfluorophosphate (DFP) (2.4). DFP pre-treatment has been used for cholinesterase histochemistry for the study of somal acetylcholinesterase in rodents (10.13) and other animals, including cats and monkeys (5). Since DFP inhibits AChE irreversibly, the AChE activity that can be histochemically detected at early times after DFF' pre-treatment (up to 24-36 hr) is almost entirely due to newly synthesized enzyme, which appears first in the perikarya and then is transported anterogradely along dendrites and neurites (2,13). 
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somata and the proximal part of dendrites and axons; however, this procedure eliminates staining of distal fibers almost completely at short intervals after drug administration.
Increasing the sensitivity of AChE histochemistry is possible by incubating tissue in a dilute Kamovsky-Roots (K-R) medium (11) and intensdying the reaction product with a mixture of a metal ion (either osmium or nickel) plus diaminobenzidine (DAB) and hydrogen peroxide (9, 20) . With these latter modifications, AChEpositive fibers can be demonstrated in considerable detail, especially in the cortex. Neuronal somata, however, are barely visible because they are obscured by overlapping cell processes. The aim of the present investigation was to develop procedures for optimal and concomitant visualization of both AChE-positive cell processes and neuronal somata. To this end, we describe in this report two novel AChE-DAB protocols, based on the method for AChE histochemistry described by Tag0 et al. (20) but employing DFP pre-treatment, which permits staining of AChE-positive neuronal somata on one set of sections and AChE-positive cell processes on adjacent sections from the same rat brain. Preliminary accounts of these findings have been published previously (6,16).
Materials and Methods
Tissue Promsing. The experimental animals used were Sprague-Dawley rats weighing 250-300 g. The rats were housed two per cage, kept on a controlled dark-light cycle (12 hr dark-12 hr light), and provided continual access to food and water. Before sacrifice the rats were injected IM with DFP 129 11. We have found that the order of reagents in making the K-R medium is important for proper staining.
(1.8 mglkg) dissolved in peanut oil. The rats were sacrificed 6, 12, 18, 24, 36, or 48 hr after DFP treatment; groups of three or four rats for each postinjection interval were studied. Animals were anesthetized with an overdose of sodium pentobarbital, 80 mg/kg IP, placed on a bed of ice, and uanscardially perfused with 50-100 ml cold (4'C) 0.1 M PBS, pH 7.6, followed by 200 ml cold 4% paraformaldehyde containing 0.2% saturated picric acid dissolved in 0.1 M PBS. The brain was then extracted from the cranial cavity and post-fixed in the cold fixative for 24-48 hr before being transferred to 30% sucrose in 0.1 M PBS for at least 2-3 days before sectioning on a freezing microtome. Some brains were stored in sucrose solution for several weeks before the staining was carried out. Coronal or horizontal sections were cut at 40-pm intervals, collected in cold PBS, and stored at 4°C.
Staining Procedu~es. The basic staining procedure adopted here requires four successive incubations of brain tissue: (a) 30 min in 30 pM iso-OMPA (K and K Laboratories; Plainview, NY) or in 10 pM BW284c51 (Sigma;
St Louis, MO), to inhibit butyrylcholinesterase or AChE, respectively. Iso-OMPA and BW284c51 were dissolved in Tris-maleate buffer, pH 5.7; (b) 15 min in diluted K-R medium; the preparation of this medium is shown in Zble 1. In pilot studies, we tested &rent dilutions ofthis K-R medium: 1:1, 1:10, 1:20, and 1:lOO (K-R diluted with 0.1 M PBS); (c) 5 min in a solution containing DAB and nickel ammonium sulfate (NAS); every 100 ml of this medium contains 20 mg DAB and 10 ml 3% NAS. This medium is half the concentration recommended by Ego et al. (20) ; and (d) finally, 3 % hydrogen peroxide was added to the DAB-NAS solution in an amount depending on the preferential staining of cell somata or processes (Eble 2). Sections were rinsed in three changes of PBS after each incubation.
In pilot studies we tested the effect of different concentrations of the above mentioned incubation media on AChE staining. On the basis of the results obtained, we decided to adopt two different protocols that are called here the "cell-soma protocol" and the "fiber protocol." Note that these names refer to preferential but not exclusive staining. The two protocols were used alternatingly on adjacent sets of brain sections. The compositions of the incubation media for both protocols are shown in Zble 2. After completion of staining, sections were washed in PBS and then mounted on glass slides coated with pig gelatin. Mounted sections were allowed to dry at room temperature, rinsed in distilled deionized water to remove NaCl crystals, and air-dried again; finally they were immersed in xylene for 5 min and then coverslipped in Permount.
After the incubation in the diluted K-R medium for 15 minutes (Step b), sections were only slightly colored or uncolored, as previously described by Ego et al. (20) . With the cell-soma protocol, sections appeared to be more intensely stained than with the fiber protocol, yet neither cells nor fibers could be visualized after this step.
Results
In general, the interval of time after DFP injection affects the distribution of AChE-DAB in the following manner: at early postinjection periods (6-12 hr) neuronal somata were intensely stained, whereas only the very proximal part of cell processes were visible; at delayed post-injection times (>18 hr) both the somata and neuropil were stained.
At each post-injection time, however, the cell soma and fiber protocols led to radically different patterns of AChE staining. The cell-soma protocol stained neuronal cell bodies very intensely in the striatum and cholinergic nuclei of the forebrain and the brainstem, whereas virtually no cell processes were stained except for the proximal segments. The fiber protocol afforded clear visualization of dendrites and neurites in many areas of the brain, i.e., the neocortex and fimbria, but the AChE-positive neuronal somata in cholinergic forebrain nuclei and striatum were obscured.
We will illustrate our results by referring to four structures of the forebrain that have been studied extensively in relation to cholinergic neurons of the mammalian brain: striatum, neocortex, nucleus basalis and fimbria. The pictures presented here are from rats treated with DFP 24 hr before sacrifice (unless otherwise noted).
Stained sections from rats treated with DFP at 36 and 48 hr had similar staining patterns (not shown). It is worth mentioning that the neocortex represents the main projection region for cholinergic fibers arising from the nucleus basalis, while axons that originate from the cholinergic medial septal nucleus project to the hippocampus through the fimbria (3). The striatum contains many large cholinergic AChE-positive neuronal bodies that can be stained intensely by using the classical AChE techniques combined with DFP pre-treatment (2).
Strzatzm
AChE-DAB performed according to the cell-soma protocol led to clear visualization of neuronal somata and proximal dendrites and neurites ( Figure IA) , with a staining pattern very similar to that obtained with application of classical AChE methods in combination with DFP pre-ueatment. The difference seems to be a greater contrast between stained cells and background due to DAB-NAS intensification. The fiber protocol, however, caused a dfirent staining pattern: the striatum appeared dark and no neuronal somata were visible at low magnification (Figure 1B) ; at higher magnifications ( Figure IC) both cell soma and densely stained neuropil were discernible, but the high density of the latter did not allow a clear demonstration of the striatal AChE-reactive perikarya. The picture of the striatum obtained with the fiber protocol was similar to that 
Nucleus Basalis
In the area located medial to the globus pallidus, a cluster of intensely AChE-reactive large neuronal somata was stained with the cell-soma protocol (Figure 2A ). In the proximity of these neurons (which correspond by location and morphological features to the group of cholinergic neurons comprising the majority of the nucleus basalis) there were also many other cells that were AChE reactive but could be distinguished from those in the nucleus basalis by both their size and the low intensity of their staining. In the same region, the fiber protocol stained many cell processes that tended to obscure the neuronal somata, although the delineation of the nucleus basalis was still quite clear ( Figure 2B ).
Neocortex
The most striking pattern of staining was detected in the neocortex. With the cell-soma protoco; we observed a virtually complete absence of AChE-positive structures in all layers of the neocortex, especially at early post-treatment times (6-12 hr after DFP injection) ( Figures 3A and 3B) . Conversely, with the fiber protocol we were able to stain both fibers and neuronal somata in the neocor- tex of adjacent sections (Figures 3C and 3D) . The fibers formed a dense neuropil with no recognizable laminar distribution, while the neuronal cell bodies varied in their size and morphological features throughout the cortex. Visualization of these cell bodies may have resulted from multiple cholinergic fibers terminating on the cortical cells. In support of this idea was the relatively light (or ghostlike) staining of many cortical somata ( Figures 3C and 3D ) compared with the dark and clear staining of all neuronal somata in striatum ( Figure 1A) .
Fimbria
No AChE-positive structures were visible in the fimbria by processing horizontal sections according to the cell-soma protocol, regardless of the time after DFP treatment ( Figure 4A ). In contrast, the fiber protocol stained fibers that ran along the major axis of the fimbria and could be followed for long distances. These fibers appeared to have a regular diameter with many varicosities distributed in an orderly manner along their length; their course was approximately rectilinear ( Figure 4B ). These fibers were quite similar to those visualized in the fimbria of pharmacologically unmanipulated rats (7) .
Sections pre-incubated with the specific AChE inhibitor BW284c51 were virtually unstained with either protocol (data not shown).
Discussion
Morphological analyses of cholinergic neurons in the mammalian central nervous system are made difficult by the lack of a specific staining technique that affords visualization of both the neuronal somata and the neuropil at the same time. Immunohistochemistry for choline acetyltransferase and nerve growth factor receptor are commonly used for morphological studies of central cholinergic systems of both human brain and experimental animals. The most obvious advantage of these methods is their seeming specificity (18.23) . Disadvantages are that available immunohistochemical techniques present a certain degree of variability and are expensive. A new and highly sensitive technique for the histochemical demonstration of AChE has been recently reported by Tag0 et al. (20) . who demonstrated that the staining produced by a diluted K-R medium can be enhanced by successive incubation with a mixture of DAB, NAS, and hydrogen peroxide. This technique leads to the visualization of AChE-reactive fibers in great detail, especially in the neocortex. Even with this procedure, however, the definition of AChE-positive neuronal somata is poor. We applied the AChE-DAB method to the staining of brain sections from DFPpre-treated rats to visualize both neuronal somata and fibers in the same rat brain.
The mechanism by which AChE differentially appears stained in the soma or the dendrites and neurites resulting from varying concentrations of K-R and DAB-NAS solutions is unclear. One explanation depends on the sensitivity of the stain; by diluting the K-R medium 1:10 in the fiber protocol, the processes with relatively less AChE than the perikarya become visible, whereas with the cell-soma protocol the fibers may be hidden in a higher background of staining. The problem with this simple explanation is that with a typical cell-soma protocol stain the background is virtually opaque, especially in the cortex where an extensive fiber plexus is visualized by the fiber protocol.
An alternative explanation is that AChE is present as distinct isoforms in the perikarya and fibers that differentially react with combinations of K-R and DAB-NAS solutions. Evidence for multiple isoforms of AChE has been demonstrated in the Torpedo electric organ and in vertebrates (1, 14, 15, 17, 19, 21, 22) . By employing the above described protocols it is possible to carry out morphological analyses of both AChE-positive somata and fibers on adjacent sections in the same DFP-pre-treated brain. The method described here has at least two advantages over the immunohistochemical techniques commonly used to study central cholinergic systems in experimental animals: (a) the results are highly reproducible, lacking the variability characteristic of immunohistochemical procedures, and (b) the method is technically simple, requires little time, and is inexpensive. 
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